D
uring the normal menstrual cycle, biochemical and morphological changes in the endometrium occur as a consequence of ovarian steroid priming. During the menstrual cycle, a small window of time crafts an ideal milieu for blastocyst implantation. This tightly regulated period of time is known as the window of uterine receptivity and involves the coordination of multiple cellular and molecular events, triggered by the presence of the embryo within the uterus. During the early luteal phase, estrogen and progesterone receptors (PR) are found in endometrial stroma (1) . Whereas progesterone antagonizes the proliferative effects of estradiol on the endometrial glands by down-regulating estrogen receptors, there is subsequent attenuation of the PR (2) .
In addition to steroid hormone priming, successful implantation requires an elaborate dialogue between the embryonic secreted hormone chorionic gonadotropin (CG) and the hormonally primed endometrium, which rescues stromal fibroblasts from apoptosis and normal endometrial regression in the event of pregnancy (3) . We have previously shown that CG induces alterations in endometrial morphology and endometrial gene expression (4, 5) .
Failed implantation is a major limiting factor in women who have multiple miscarriages or after assisted repro-ductive therapies (6) . Of the pregnancies that are lost, 50 -75% represents a failure of the blastocyst to implant into the maternal endometrium (7) . If implantation is successful, the endometrial stromal compartment forms the decidua, a morphologically and functionally distinct tissue, representing the maternal side of the feto-maternal interface.
Decidualization requires a modified uterine milieu that prevents apoptosis and promotes differentiation and trans-differentiation of the stromal fibroblast to a secretory cell called a decidual cell. Previously, our laboratory has demonstrated that the induction of ␣-smooth muscle actin (␣-SMA) by CG may be essential to decrease the progesterone-regulated proliferation in stromal cells undergoing decidualization (8) . After decidualization, stromal fibroblasts are prevented from undergoing apoptosis by the action of IGF-binding protein-1 (Igfbp1) and prolactin, both of which are markers of decidual cells (9, 10) . In a well-established in vitro model, decidualization can be induced by cAMP, along with ovarian hormones. Coordinately, cAMP ligands have been shown to alter Notch signal activation in endothelial cells, pointing to a role of Notch in a cAMP-dependant decidualization process (11) .
A large body of work has demonstrated that the highly conserved Notch signaling pathway mediates cell-to-cell signaling and ultimately influences cell proliferation, differentiation, survival, and apoptosis (12, 13) in various cell types (14 -16) . Although Notch receptors (12) , ligands (17) , and downstream effectors form a complex signaling pathway that plays multiple roles in a variety of normal tissues and malignancies, the physiological role of Notch in endometrial cell differentiation and embryo implantation have never been studied. This work demonstrates a major physiological role for Notch1 in endometrial stromal cell differentiation both in vivo and in vitro. We suggest that Notch1 modulates processes underlying the differentiation of stromal fibroblasts to decidual cells, where Notch1 is induced by CG and regulated by ovarian progesterone. Furthermore, these molecules act in synergy to inhibit stromal cell apoptosis and permit decidualization to occur. A better understanding of the molecular mechanisms responsible for decidualization and implantation will improve the clinician's ability to detect, diagnose, and treat early pregnancy loss.
Materials and Methods

Simulated pregnancy model
The intrauterine endocrine milieu of pregnancy was simulated in normally cycling female baboons by infusing recombinant human CG (EMD-Serono, Rockland, MA) between d 6 and 10 after ovulation as previously described (4, 18) . The 24-h infusion of 30 IU is equivalent to the amount of CG secreted by dispersed baboon trophoblast cells cultured in vitro in 24 h. Endometrial tissue was harvested on d 10 after ovulation for analysis. For PR antagonism studies, baboons were injected im with the PR antagonist onapristone (ZK 137.316; Schering AG, Berlin, Germany) at a dose of 1 mg/kg body weight per day between d 5 and 9 after ovulation in conjunction with human CG infusion, and endometrial tissues were collected on d 10 after ovulation (19) . All animal studies were approved by the Animal Care Committee at the University of Illinois at Chicago.
Isolation and culture of human stromal cells
Human in vitro studies were performed using protocols for human uterine fibroblasts (HuF) cells. HuF cells were isolated from the decidua parietalis dissected from the placental membrane after normal vaginal delivery at the University of Illinois Hospital. Tissue was obtained after informed consent under a protocol approved by the Institutional Review Boards at both the University of Illinois at Chicago and Michigan State University. After trypsinization, dissociated cells were maintained and propagated in defined medium (phenol-red-free RPMI 1640) with or without 10% fetal bovine serum (FBS). From a single placenta, we isolate approximately 1.5 ϫ 10 8 cells. These cells isolated from each individual patient represent a proliferating population of nondifferentiated stromal fibroblasts (20, 21) . HuF cells isolated from a single placenta was used for multiple determinations but represented a single sample for statistical analysis. The analysis was based on the variance of data collected on our extensive in vitro decidualization studies using these cells. A sample size of six patients was used in total based on power analysis with ␣ set at 0.05 and power equal to 0.7 based on group comparisons and one-way ANOVA. All studies were repeated three times and were performed in triplicate. From a single placenta, we isolate approximately 1.5 ϫ 10 8 cells. These cells isolated from each individual patient represent a proliferating population of nondifferentiated stromal fibroblasts (20, 21) and were always used fresh between passages 3-5.
Hormonal treatment
Experiments were performed when cells reached 80 -90% confluence. Phenol-red-free RPMI 1640 culture medium was used and changed every 2 d. Cells were treated with 10 -100 IU/ml: recombinant human CG (EMD-Serono) in PBS, 36 nM estradiol-17␤, and 1 M medroxyprogesterone acetate (MPA) in ethanol with the appropriate controls. For decidualization studies, medium with the appropriate treatment paradigms containing 2% heat-treated charcoal-stripped FBS and was changed every 2 d. Cells were treated with 10 ng/ml IL-1␤ or 100 M dibutyryl-cAMP (dbcAMP) in the presence of 36 nM estradiol-17␤ and 1 M MPA for up to 12 d in triplicate with the appropriate controls (21) to induce in vitro decidualization. This combination of hormones has been used extensively in our laboratory on HuF cells (20 -22) . We have routinely used MPA instead of progesterone in all of our studies because it is more stable and less rapidly metabolized over time in culture.
Total cell lysate extraction
Cells were made quiescent by two washes with 1ϫ PBS to remove traces of FBS and then incubated in serum-free medium for 24 h preceding treatment. After treatment, each 100-mm dish was rinsed with ice-cold PBS and the cells lysed on ice with 750 l lysis buffer (0.5 M EGTA, 1% Triton X-100, 0.1% sodium dodecyl sulfate, 25 mM Tris, 25 mM NaCl, 100 mM sodium pyrophosphate, and 10 mM NaF, with protease inhibitor cocktail). Cells were scraped and incubated in the lysis buffer cocktail on ice for 30 min, followed by centrifugation at 14,000 rpm for 15 min. The supernatant was aliquoted and frozen at Ϫ20 C until use. The protein concentration was estimated using the Bradford assay from Bio-Rad (Hercules, CA).
Immunoblotting
Twenty-five micrograms of protein from cell lysates were separated on 7% Tris-acetate gels (Invitrogen, Carlsbad, CA) using SDS-PAGE and transferred onto a polyvinylidene difluoride membrane. The membranes were blocked for 1 h at room temperature in Tris-buffered saline and 0.1% Tween 20 containing 5% (wt/vol) nonfat milk and then incubated overnight with primary antibodies against Notch1 C-20 (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA), Notch1 Val1744 (1:1000; Cell Signaling Technology, Danvers, MA), Hes5 (1:500; Santa Cruz), Hey1 (1:500; Santa Cruz), PR (1:2000; courtesy of Dean P. Edwards, Baylor College of Medicine, Dallas, TX), or ␤-actin (1: 5000; Sigma Chemical Co., St. Louis, MO) in Tris-buffered saline and 0.1% Tween 20 containing 5% (wt/vol) nonfat milk at 4 C. Incubation in primary antibody was followed by incubation in the respective secondary antibodies labeled with horseradish peroxidase (Jackson ImmunoResearch, West Grove, PA) at a 1:20,000 dilution for 1 h at room temperature. Immunocomplexes were visualized by enhanced chemiluminescence (GE Amersham, Piscataway, NJ). All membranes were probed for ␤-actin, which served as a loading control.
Immunocytochemistry
Tissues
For immunostaining, endometrium was fixed overnight in 4% paraformaldehyde (vol/vol), followed by thorough washing in 70% ethanol, and tissues were processed, embedded in paraffin, and sectioned. Sections from paraffin-embedded tissue were cut at 5 m and mounted on slides. Sections were deparaffinized in a graded alcohol series, and tissues were preincubated with 10% normal rabbit or goat serum in PBS (pH 7.5) and then incubated with polyclonal 1:500 Notch1 C-20, (1:500; Santa Cruz) and 1:1000 PR (courtesy of Dean P. Edwards, Baylor College of Medicine). Controls consisted of preimmune serum at the same dilution. On the following day, sections were washed in PBS and incubated with biotinylated secondary antibody (Vector Laboratories, Burlingame, CA) for 1 h at room temperature. Immunoreactivity was detected by using the Vectastain Elite ABC kit and visualized as brown chromogen staining. Nuclear counterstaining was done with hematoxylin. Sections were blindly reviewed and scored quantitatively using positive pixel counts and the percent staining of each compartment, according to the intensity of diaminobenzidine chromogen deposition, normalized to nuclear staining. Pictures of five fields (0.09 mm 2 each) per slide were taken using a Nuance multispectral imaging system (CRi) at ϫ400 magnification and multispectral acquisition software. The images were processed by Nuance image processing software version 1.6.8 to measure the spectral absorbance curve of each of the stains and then were unmixed. The percentage of positive staining was then quantified and expressed as the percentage of positive pixels to total pixels of the analyzed area. Comparison of two means was made with Student's t test. A P value Ͻ0.05 was considered statistically significant.
Cells
HuF cells were plated in two-well chamber slides and grown to 70 -80% confluence. The medium was changed to serum-free RPMI overnight before treatment with inhibitors as specified, followed by hormonal treatment for the time period indicated. After each treatment time point, cells were washed three times with PBS and fixed in 4% paraformaldehyde for 20 min at 4 C and rinsed with PBS. Cells were permeabilized with 0.1% saponin in Tris-buffered saline at 37 C for 10 min and blocked in 5% normal goat serum in 0.1% saponin Tris-buffered saline for 30 min at room temperature. They were then incubated with antiNotch1 C-20 (1:250) antibody overnight at 4 C in a humid chamber. Nonspecific rabbit IgG was used at the same concentration as the procedural control. After washing three times in PBS, they were subjected to fluorescein isothiocyanate-labeled antirabbit secondary antibody (1:200 dilution) at room temperature in the dark for 1 h, washed three times in PBS, and mounted using Vectashield hard-set mounting medium with 4Ј,6-diamidino-2-phenylindole (Vector Laboratories). Images were visualized with a Nikon Eclipse E400 series fluorescent microscope (Fryer Co., Huntley, IL) and captured using a digital Spot Advanced Camera and the Image-Pro Plus software package (Media Cybernetics, Bethesda, MD).
Immunoprecipitation
Cells were homogenized in lysis buffer [25 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Triton X-100, and protease inhibitor cocktail (Sigma)]. Lysates were kept on ice for 30 min and centrifuged for 15 min at 100,000 ϫ g. The resulting supernatant fractions were precleared using a mixture of protein G-agarose beads (Pierce, Rockford, IL) and nonimmune mouse IgG-conjugated Sepharose beads (Jackson ImmunoResearch) for 1 h at room temperature. Precleared lysate (250 g) was brought up to 1 ml incubated with 5 g of the PR antibody with 10 l of protein G-agarose beads at 4 C for 3 h. Immunocomplexes were recovered by centrifugation (3000 ϫ g max for 30 sec) and washed four times with 1 ml lysis buffer and once with 50 mM HEPES (pH 7.4). A 50-l aliquot of each resultant supernatant was saved for Western analysis after each immunoprecipitation cycle with the Notch1 C-20 antibody (Santa Cruz).
Transfection of Notch1 small interfering RNA (siRNA) and dominant negative (DN)-mastermind
HuF cells were seeded in six-well dishes at 50,000 cells per well in RPMI. Lipofectamine 2000 was used to transfect the cells with the DN-mastermind, empty construct (MigR) plasmid, or the Notch1 siRNA and scrambled sequence expression vectors. The plasmids were dissolved in Lipofectamine 2000 (Invitrogen) diluted in serum and antibiotic-free OptiMEM, and the cells were incubated for 6 -8 h. A GFP plasmid was used to measure and confirm transfection efficiency. After this incubation, the wells were washed and incubated in fresh phenol-red-free RPMI 1640 with serum and antibiotics. At approximately 80% confluence and 48 h after transfection, the cell culture medium for stromal cells was changed to serum-free medium and left overnight. The next day, 72 h after transfection, cells were treated with or without 50 IU CG for 24 -48 h. Finally, the medium was removed, cells were washed with PBS, and total cell lysates were extracted.
RNA isolation and RT-PCR
Cells were rinsed twice with 1ϫ PBS, and total RNA was extracted from cells using the RNeasy kit from QIAGEN (Valencia, CA). RNA preparations were then deoxyribonuclease treated and purified with the RNeasy kit (QIAGEN). RNA quality was analyzed using the Nanodrop 1000 (Thermo Fischer Scientific, Pittsburgh, PA) by assessing their absorbance ratio at 260:280 nm. One microgram of each of the RNA samples was analyzed by electrophoresis on a 1.5% agarose gel to confirm integrity. One microgram of RNA was used for the reverse transcription reaction using the iScript cDNA synthesis kit (BioRad). The remaining RNA samples were stored in ribonucleasefree water until subsequent use.
Gene expression levels were measured by real-time RT-PCR SYBR Green analysis using the ABI Prism 7700 Sequence Detector System according to manufacturer's instructions (Applied Biosystems, Foster City, CA). Real-time primers were designed using Primer Express open-source software. For Notch1, Numb, Hey1, Hey1, LRF, and 18S, real-time RT-PCR was done by using RNA samples from three HuF cell lines, always in triplicates. Data analysis is based on the ⌬/⌬C t method with normalization of the raw data to 18S gene expression. RT-PCR primer sequences were as follows: 18S forward5Ј-TGATTAAGTCCCTGCCCTTTGT-3Јandreverse5Ј-TC AAGTTGCACCGTCTTCTCAG-3Ј. Notch1 forward 5Ј-GTCAAC GCCGTAGATGACC-3Ј and reverse 5Ј-TTGTTAGCCCCGTTCT TCAG-3Ј. Numb forward 5Ј-TCTGTGCCCCAGATAGGAAC-3Ј and reverse 5Ј-TCTTGGCATCTTGCAACTGT-3Ј.
Notch focused array
Day-12 control and decidual cDNA was mixed with readyto-use PCR SYBR master mix and aliquoted with equal volumes to each of the 96 wells of the same plate ran in triplicates (SABiosciences Notch Signaling Pathway Array, Valencia, CA). Plates were run with a PCR cycling program on ABI Prism 7700 Sequence Detector System according to manufacturer's instructions (Applied Biosystems). Controls are also included on each array for genomic DNA contamination, RNA quality, and general PCR performance.
ELISA
IL-11 concentrations were measured in culture supernatants to access the extent of decidualization (see Hormonal treatment above). HuF cell culture supernatants were collected and frozen at each time point during the experimental time course. IL-11 levels were measured using an ELISA kit (Diagnostic Systems Laboratories, Inc., Webster, TX) according to the manufacturer's specifications (21) .
Statistical analysis
One-way ANOVA was used to test the null hypothesis of group differences, followed by the Student's t test for pair-wise comparison. Each experiment was repeated three times in triplicate, and a P Ͻ 0.05 was considered significant.
Results
Notch1 is variably regulated through the menstrual cycle
During the late proliferative phase (d 7-12 after menstruation), immunohistochemical staining of Notch1 is absent to minimal (6%) in the stromal and epithelial compartment of normally cycling baboon endometrium (Fig. 1A) . As the endometrium progressed to a secretory phenotype (d 10 -14 after ovulation), nominal stromal immunoreactivity began to appear (19%); however, the apical tips of the luminal epithelium and the glandular epithelium stained strongly for Notch1 (Fig. 1B) . Infusion of human CG, to recapitulate the early events of pregnancy, at physiological levels significantly enhanced Notch1 immunoreactivity in the stromal compartment to 46% (18, 23) . Glandular epithelial staining remained positive, but not as intensely (Fig. 1C) . Nonspecific rabbit IgG was used as a negative control and showed no immunoreactivity.
Chorionic gonadotropin increases Notch1
In vivo infusion of CG alters both the endometrial morphology and uterine gene expression patterns in the endometrium (4, 18), including Notch1. To corroborate in vivo data in a primate model, we investigated CG-dependant dose-response effects on Notch1 protein in human endometrial stromal fibroblasts (HuF) by Western blot analysis. In vitro cultures of HuF have been extensively used for studies on stromal cell function and decidualization because HuF cells respond to steroid hormones and have a functional LH/CG receptor (21, 24 -28) .
HuF cells were treated with 50 IU CG for 48 h, after 24 h of serum starvation. Cells were probed with antiNotch1 immunofluorescent antibody, and confocal microscopy was performed, which demonstrated an increase in intracellular (IC) Notch1 fluorescence. 4Ј,6-Diamidino-2-phenylindole nuclear staining demonstrated that CG increased perinuclear Notch1, evident by the induction of green fluorescence surrounding the nucleus with CG treatment ( Fig. 2A) .
Furthermore, Western blot for Notch1 demonstrated that at 50 IU CG, Notch1 increased compared with controls. The presence of the Notch1 approximately 300-kDa [Notch1 full-length precursor (Notch1-FL)] and 120-kDa proteins [mature Notch1 transmembrane (Notch1-TM)] was confirmed in HuF cells by Western blot analysis (Fig. 2B ).
CG and ovarian hormones synergize to increase Notch1
When we combined CG treatment with estradiol (E2) (36 nM) and MPA (1 M), Notch1 protein levels were significantly increased, especially the functionally competent, Notch1-TM form. Additionally, 24 h estradiol and progesterone hormonal treatment (indicated as hormones, H) significantly increased protein levels. Importantly, an antibody specific to the Notch1 ␥-secretase cleavage site (valine 1744) on the transcriptionally active IC fragment, demonstrated an increase in Notch1-IC after combined CG, estradiol, and progesterone treatment (Fig.  3A) . This demonstrates that CG, combined with ovarian steroids, increased not only Notch1 protein expression but also its ␥-secretase-mediated activation (Fig. 3B) .
Progesterone up-regulates Notch1 activity
Progesterone is essential for the differentiation of the endometrium into a secretory phenotype, which is required for the establishment of pregnancy. Normally cycling female baboons were treated with the pure PR antagonist onapristone juxtaposed against the CGstimulated pregnancy model, which provided a mechanism to decouple the specific roles of the individual hormones.
In contrast to the stromal induction of Notch1 seen during the window of uterine receptivity with CG, animals primed with PR antagonist did not demonstrate Notch1 immunoreactivity within the stroma, implying that Notch1 expression and signaling in the stroma requires progesterone in addition to CG (Fig. 4, A and B) . Nevertheless, attenuated Notch1 immunoreactivity with anti-PR priming was not due to loss of PR because PR remained in the stroma and epithelium, as demonstrated by immunohistochemistry, with or without the PR antagonist (Fig. 4, C and D) .
In vitro studies demonstrated a synergistic induction of transcriptionally competent Notch1 by CG and ovarian hormones in HuF cells. Treatment of HuF cells with 1 M MPA together with CG up-regulated Notch1 protein, especially Notch1-TM. Progesterone-mediated Notch1 induction was antagonized by 5 M of the PR antagonist onapristone (Fig. 4E) . Progesterone-mediated induction of Notch1-TM was validated in three different HuF cell isolates (P1, P2, and P3 and anti-P1, anti-P2, and anti-P3) from three individual patients. (Fig. 4F) with a statistically significant increase in Notch1-TM protein without a significant change in either Notch1-FL or PR protein expression as determined by densitometric scanning of the Western blots (n ϭ 3). These data suggest that progesterone in the presence of CG increased the availability of cleaved Notch1 and that this increase is antagonized by the addition of onapristone, a specific PR antagonist independent of PR. Coimmunoprecipitation studies, in which the PR was pulled down from whole-cell lysate and immunoblotted with a Notch1-specific antibody, indicated that there is either a direct or indirect interaction between Notch1 and PR (Fig. 4G ). PR coimmunoprecipitated with Notch1 both in the presence and absence of receptor antagonist (n ϭ 4).
FIG. 1.
Notch1 expression is regulated during the menstrual cycle in the baboon. Panel A, Notch1 protein expression parallels previously documented CG/LH receptor localization in the baboon endometrium. During the proliferative phase, staining is faint in both stromal and epithelial cells. Panel B, In contrast, during the secretory phase, the glandular epithelial cells stained positively and stromal staining was confined to the cells around spiral arteries. Panel C, In CG-treated animals, which mimics the early events of pregnancy, Notch1 protein expression is greatly enhanced in the stromal compartment, whereas epithelial cell staining is reduced. Magnification, ϫ40.
Attenuation of Notch1 leads to impaired decidualization
If Notch interferes with the differentiation of stromal cells into the decidual phenotype, we expect that markers of decidualization will be suppressed when Notch1 is inhibited. Notch1 was suppressed using either siRNA oligonucleotides for Notch1 or a dominant-negative construct for the Notch transcriptional coactivator mastermind (Mam) in a MigR vector. Transient transfection effectively abrogated Notch1 activation as determined by down-regulation of Notch1 protein and the helix-loop-helix Notch1 targets Hey1 and Hes5, confirming the Notch1 reduction had functional consequences (Fig. 5A) .
Inhibition of Notch1 clearly demonstrated that it is essential for in vitro decidualization of human stromal fibroblasts. In HuF cells, we recapitulated the decidual process by treating cells with 36 nM E2, 1 M MPA, and 0.1 mM dbcAMP to induce decidualization (21) . The decidual paradigm stimulated the production of Igfbp1 and IL-11, both well-established markers of decidualization. Expression of both decidual markers was significantly reduced (P Ͻ 0.05) after 6 d of the decidualization stimulus when Notch1 was inhibited (Fig. 5, B and C) .
Decidualization down-regulates Notch1
Notch1 is down-regulated when cells are decidualized in vitro, as demonstrated by Western blot. Concomitant with Notch1 down-regulation, the protein expression of the Notch1 target Notch4 (29) is decreased, as assessed by immunoblotting. To confirm that Notch1 reduction is associated with an in vitro decidualization, HuF cells were treated with an alternative decidualization stimulus (IL-1␤ with E2 and MPA). Again, Notch1 protein levels were significantly decreased compared with controls and/or hormonal treatment for 6 d as was the Notch1 target Notch4 (Fig. 6A) . These changes are independent of Notch1 transcription because the mRNA levels for Notch1 do not change under these treatment conditions (data not shown).
Identification of Notch pathways gene expression profiling in decidualization
Using a Notch pathway-focused microarray, we were able to compare Notch signaling genes that were significantly regulated during in vitro decidualization. After a 12-d in vitro culture with dbcAMP, E2, and MPA, we isolated RNA and reverse transcribed into cDNA from 12-d control vs. 12-d decidual HuF cells and conducted a focused pathway array.
Genes that were most significantly up-or down-regulated in the decidualized stromal cells vs. control included Frizzled homolog 2, Fzd2 (ϩ397.75); WNT1 inducible signaling pathway protein 1, Wisp1 (ϩ66.10); Numb (ϩ18.76); Deltex homolog 1, Dtx1 (9.5); CASP8 and FADD-like apoptosis regulator, CFLAR (Ϫ83.29); and Hairy/enhancer-of-split related with YRPW motif-like, Hey1L (Ϫ18.69), among others (Table 1 ). All four members of the Notch receptor family (1-4) were down-regulated, but not significantly (fold change: Ϫ1.01, Ϫ1.22, (data not shown). Juxtaposed with the protein data that demonstrated Notch1 is down-regulated with decidualization, these data imply posttranscriptional regulation of Notch1 during decidualization.
Notch ligands Delta1 and Jagged1 were significantly upregulated. Notch-specific N-glucosaminidyltransferase Lunatic Fringe (LFng) was dramatically decreased. This implies a shift from ⌬-family ligand-mediated to Jagged family ligand-mediated Notch signaling, as Fringe-modified Notch has higher affinity for ⌬-family ligands, whereas Fringe-unmodified Notch does not (30) . In addition to activating Notch signaling, Notch1 ligands control the steady-state levels of Notch receptor at the cell surface and therefore regulate the availability of ligand-binding capability for Notch1 at the cell surface. High levels of Notch ligands can induce a ligandmediated cis-inhibition, whereas low levels allow active Notch signaling (31) . As such, multiple genes that are responsible for Notch cleavage at the cell surface were upregulated; namely, ADAM10, ADAM17, MMP7, PSEN1, PSEN2, and PSENEN. Furthermore, E3 ubiquitin ligases that regulate the level of Notch receptor, which include DTX1 and NEURL, were up-regulated during decidualization, ϩ9.5 and ϩ3.02, respectively. The Notch endocytic inhibitor NUMB was 18.76-fold increased during decidualization, because Notch1 mRNA and protein levels are also decreased (see Table 1 ).
The Notch inhibitor Numb promotes Notch endocytosis and degradation and acts as a Notch antagonist (32) , as does Deltex1 (33) . In human endometrial stromal cells during decidualization, Numb also appears to act as a Notch antagonist. In our focused array, the transcript for Notch inhibitor NUMB was increased 18.76-fold during decidualization. Both RT-PCR and Western blot for Numb, after in vitro decidualization, corroborated the array data (Fig. 6, B and C) . Numb is significantly increased during decidualization, when Notch1 protein (but not mRNA) is decreased. Even though Notch1 down-regulation during decidualization is a posttranscriptional phenomenon, Numb up-regulation is transcriptionally regulated.
Discussion
Notch1 signaling underlies multiple fundamental biological processes. As such, it is not surprising that expression levels are tightly controlled and multiple loss-and gain-of-function Notch pathologies underlie disease etiology. As such, a large body of information on Notch function has been focused on its role in disease and development. Here, we demonstrate that in the uterus, Notch has a physiological role in modulating endometrial integrity and is regulated by ovarian and placental hormones in a site-specific and temporally controlled manner.
Endometrial priming is essential for the successful establishment of pregnancy and is associated with a morphological and biochemical transformation of the endometrium. The baboon provides an ideal model to recapitulate and elucidate the events of early pregnancy because the hormonal cycles of baboon are easy to monitor, their menstrual cycle profiles are similar to those of women, and they are not endangered. Additionally, baboons breed easily in captivity and have a single placenta, like humans, with the additional benefit of fairly good access to tissues at the time of implantation, which demonstrated that Notch1 protein increased from the proliferative to the secretory phase of the uterine cycle. The staining pattern of Notch1 increased further in the presence of CG during the window of uterine receptivity. This regulated pattern implies that Notch1 may be critical to facilitate the proliferation and initial differentiation necessary to allow decidualization during the establishment of pregnancy, when the entire endometrium becomes the decidua of pregnancy, wherein cells are terminally differentiated (34, 35) .
A dramatic effect of CG on the endometrial stromal fibroblasts is the induction of the cytoskeletal protein ␣-SMA (18). Like Notch1 induction, this response requires both CG and progesterone because antagonism of the PR inhibits the ability of CG to induce ␣-SMA (19) . Because CG and PR synergize to regulate ␣-SMA expression (19), we evaluated the regulation of Notch1 by progesterone in vitro. Treatment of HuF cells with CG alone increased Notch1-FL, whereas CG and progesterone markedly increased the levels of Notch1-TM and active, cleaved Notch1-IC, suggesting that progesterone plays a central role in regulating Notch1 activity and that CG and progesterone synergize to activate Notch1, which in turn induces ␣-SMA, and inhibits stromal cell apoptosis. In endothelial cells, Notch activation results in a morphological and functional change consistent with mesenchymal transformation, which is similar to the stromal to decidual transdifferentiation that occurs during decidualization. Similar to the endometrial changes, endothelial cell alterations also involve cytoskeletal reorganization, characterized by the up-regulation of ␣-SMA because Notch directly regulates expression of ␣-SMA via canonical CSL (CBF1 in humans, RBPJk in mice, Suppressor of Hairless in Drosophila, LAG in C. elegans)-mediated transcriptional regulation (36, 37) .
Notch signaling dictates cell fate and critically influences cell proliferation, differentiation, and apoptosis in the primate endometrium. In mammary epithelial cells, progesterone has been shown to override the inhibitory actions of estrogen on Notch activity (29) , suggesting that progesterone plays an important role in the regulation of both the physiological and pathological functions of Notch1 in hormone-responsive tissues. In mammary progenitor cells, molecular profiling also demonstrated a paracrine role for progesterone because genes in the Notch signaling pathway were up-regulated in breast epithelium in response to progesterone (38) . Similarly, in uterine stromal cells, we demonstrated a progesterone-regulated induction of Notch1. Concisely, CG increases Notch1-FL, and progesterone acts in synergy with CG to induce Notch1-IC in the primate endometrium during the endometrial window of uterine receptivity.
FIG. 4.
Progesterone is necessary for the CG-induced Notch1 induction in baboon endometrial stromal cells. A and B, Recapitulating the intrauterine endocrine milieu of early pregnancy with CG, increased Notch1 in the endometrial stroma. In baboons cotreated with onapristone, a pure PR antagonist (anti-PR), the stromal Notch1 is absent. Magnification, ϫ20. C and D, The inhibition of Notch1 in the presence of anti-PR is independent of PR status, as demonstrated by immunohistochemistry for PR in the endometrium, under both treatment paradigms. Magnification, ϫ20x. E, A dose-response experiment demonstrated that treatment of HuF with anti-PR (5 M) abrogated the CG-plus hormone (H)-induced increase in Notch1. F, HuF cells from three separate isolations (P1-P3) demonstrated an increase in both the FL and TM forms of Notch1 with CG plus progesterone (P). However, the hormone-regulated increase in Notch1-TM was inhibited when cells were pretreated with anti-PR (5 M) for 24 h before CGϩH challenge. Furthermore, this was independent of the PR status of the cells. G, Immunoprecipitation (IP) with a PR antibody, followed by Western blot for Notch1, demonstrated that PR and Notch1 interact in a complex in the presence of progesterone, and this complex is not affected by anti-PR. PI, Preimmune.
The uterus is a dynamic physiological system in which cellular proliferation, terminal differentiation, and apoptosis occur in a cell-and time-specific manner during the menstrual cycle and pregnancy. The role of Notch1 in regulating these pathways in decidual cells was confirmed in our previous studies in which we selectively ablated Notch 1 in the mouse uterus using a bigenic PRCre ϩ/Ϫ / Notch1 flox/flox mouse (39) . Our data suggest that Notch coordinates two distinct roles during the window of uterine receptivity. Initially, Notch1 mediates a survival signal in the endometrium in response to ovarian and embryonic hormones. As decidualization progresses, Notch1 is down-regulated to allow stromal cells to differentiate into the decidual phenotype. The pattern we observed is consistent with an initial burst of Notch1 activity during the early phase of decidualization, followed by down-regulation of Notch1 protein (presumably via Numb and Deltex1) and a shift from ⌬-to Jagged-mediated Notch signaling. Notch signaling is notoriously complex and exquisitely dosage dependent. Our data suggest that Notch signal strength is tightly modulated by hormonal levels during decidualization. Levels must increase and subsequently decrease in a precisely timed manner for physiological decidualization to occur.
During decidualization, low expression of Notch1 is correlated with an up-regulation of Notch inhibitor Numb. The endocytic adaptor protein Numb acts as a Notch inhibitor by internalizing Notch1 into endosomal vesicles and directing it toward recycling or degradation (40) . Notch1-IC has been shown to suppress the expression of Numb (32) . Numb has been shown to act as a tumor suppressor (41) , and Numb expression is inversely correlated to breast cancer prognosis; high levels of Numb correlate with good prognosis, lower levels with poor prognosis (42) . Numb expression increased significantly during decidualization, which would suggest a physiological, the role for Numb as a tumor suppressor that prevents excessive, runaway activation of Notch1 that may lead to uncontrolled proliferation. Numb also coordinates the activation and biological competency of other cell cycle regulators, such as p53 (41) . Numb recruits components of the ubiquitination machinery to the Notch receptor to facilitate Notch1 ubiquitination at the membrane, which in turn promotes Notch degradation, circumventing its nuclear translocation and downstream target gene activation. We have previously shown that decidualization in the baboon is accompanied by an increase in ubiquitin conjugates (43) , which could promote Notch receptor turnover. Additionally, ligand cis-inhibition has been proposed to inhibit Notch during keratinocyte differentiation (44) . Concomitantly, Notch inhibition maintains a population of stem cells for differentiation. A similar process could also occur in the uterus. It is also interesting to note that when Notch1 protein is decreased after decidualization, genes involved in Notch activation are up-regulated, implying a built-in feedback machinery on steady-state Notch levels or an important role for low-level, Jagged-mediated Notch signaling that may differ from that of high-level, ⌬-mediated Notch signaling during early decidualization.
The possible functional role of a Notch1-PR complex deserves further investigation. Physical interaction of Notch1-IC with the estrogen receptor-␣, resulting in activation of estrogen receptor-␣-mediated transcription, has been described in breast cancer cells (45) . Conversely, interaction of Notch1 with orphan nuclear receptor Nur77 in thymocytes inhibits Nur77 transcriptional activity (46) . Thus, Notch1-IC can form complexes with other members or the nuclear receptor superfamily, with stimulatory or inhibitory effects. Whether Notch1 promotes PR-mediated transcription or acts as a feedback inhibitor of PR remains to be established.
In summary, our data in the baboon endometrium and human HuF cells demonstrate that Notch1 expression and activity during decidualization are dynamically regulated by the embryonic hormone CG and the ovarian hormones progesterone and estradiol. Furthermore, low expression of Notch1 can be correlated to shedding of the uterine lining and an inability of the uterus to accept an implanting embryo, making it tempting to speculate that levels of Notch1 in the luteal phase can be used as an early infertility marker in women undergoing multiple miscarriages. Decidualization is inhibited in the absence of Notch1 and progesterone (39, 47) and in gynecological conditions, such as endometriosis (48, 49) . It is interesting to speculate that PR regulation of stromal Notch1 may suggest a possible role of Notch1 in diseases such as endometriosis, which is associated with progesterone resistance. 
